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ABSTRAK 

Sejak kebelakangan ini, keperluan kualiti pelbagai fungsi bahan-bahan dalam industri 

automotif dan aeroangkasa memerlukan pembangunan bahan-bahan komposit ringan. 

Antara pelbagai jenis bahan, Aluminium (Al) dianggap sebagai salah satu pilihan yang 

popular daripada bahan-bahan lain kerana kebolehbentukan yang tinggi dan ringan 

sifatnya. Walau bagaimanapun, Al menunjukkan rintangan haus yang rendah di bawah 

keadaan pelincir yang tidak mencukupi yang mengehadkan penggunaannya dalam 

aplikasi tribologi. Oleh itu, bahan-bahan pelincir sendiri diutamakan kerana minyak 

pelincir pepejal yang terkandung di dalamnya boleh dikeluarkan secara automatik untuk 

mengurangkan haus semasa proses haus. Grafit (Gr) merupakan salah satu bahan yang 

mempunyai ciri-ciri pelincir yang tinggi. Walau bagaimanapun, kekangan bagi grafit 

yang ditambah dalam matriks aluminium ialah ia ketara mengurangkan kekuatan 

komposit tersebut. Oleh itu, satu penyelesaian yang boleh dilakukan adalah 

memperkenalkan bahan ketiga dalam komposit Al-Gr untuk meningkatkan kekuatan 

komposit tersebut. Alumina (Al2O3) merupakan salah satu bahan seramik yang popular  

digunakan dalam aluminium yang boleh meningkatkan kekuatan mekanikal. Isu yang 

paling penting dalam pembuatan komposit adalah untuk mengekalkan keseragaman 

zarah tetulang pada matriks logam. Kekuatan mekanikal yang ketara adalah dipengaruhi 

oleh kehomogenan zarah. Antara pelbagai teknik fabrikasi, metalurgi serbuk dianggap 

sebagai satu proses yang berkesan bagi membantu mencapai keseragaman. Oleh itu, 

dalam kajian ini, komposit hibrid terdiri daripada matriks aluminium dan Al2O3, 

pengukuhan Gr telah dibangunkan dengan teknik metalurgi serbuk dan kesan Al2O3 dan 

kandungan grafit ke atas tingkah laku mekanikal dan tribologi daripada hibrid komposit 

Al / Al2O3 / Gr telah dikaji. Dalam kajian ini, fabrikasi telah dijalankan dalam dua fasa. 

Dalam fasa pertama, aluminium-grafit (Al-Gr) komposit telah direka dengan nilai 

peratusan berat grafit yang berbeza dan ciri mekanikal dan haus telah dinilai dan nilai 

optimum grafit ditentukan. Selepas itu, MMCs hibrid telah dibina dengan menambah 

Al2O3 dan grafit tetulang zarah untuk bahan asas aluminium. Pada peringkat ini, 

peratusan zarah grafit dikekalkan malar (nilai yang memberi rintangan haus yang tinggi) 

digunakan tetapi peratusan Al2O3 tetulang diubah untuk mendapatkan sifat-sifat 

mekanikal yang tinggi. Serbuk mentah dengan peratusan yang dikehendaki 

dicampurkan, dipadatkan dan tersinter untuk mendapatkan komposit hibrid. Sampel 

yang telah direka kemudiannya disediakan untuk pencirian mikrostruktur, mekanikal 

dan ujian tribologi. Mikrostruktur telah menunjukkan satu ikatan yang sesuai dan 

taburan yang seragam untuk pengukuhan dalam matriks Al. Hasil kajian menunjukkan 

semua sifat-sifat mekanikal, termasuk kekerasan, kekuatan tegangan dan kekuatan 

lenturan bertambah dengan ketara dan sifat-sifat tribologi juga bertambah baik dalam 

komposit hibrid berbanding aluminium tulen dan Al-Gr komposit. Selain itu, hasil 

gabungan 10% Al2O3 dan 3% Gr menunjukkan prestasi yang tinggi dalam kedua-dua 

sifat mekanikal dan tribologi.  
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ABSTRACT 

In recent years, the multifunctional quality requirements of materials in automotive and 

aerospace industries have necessitated the development of light-weight composite 

materials. Among the different types of materials, aluminium (Al) is considered as one 

of the popular choices of the materials due to its high formability and light-weight 

properties. However, Al shows low wear resistance under insufficient lubricating 

conditions which limits their use in tribological applications. Therefore, self-lubricating 

materials are preferred because the solid lubricant contained in them can be 

automatically released during the wear process to reduce the wear. Graphite (Gr) is one 

of the materials which possess high lubricating characteristics. However, the limitation 

of graphite in adding aluminium matrix is that it significantly reduces the strength of the 

composite. Therefore, one solution could be to introduce a third material to the Al-Gr 

composite to improve the strength of the composite. Alumina (Al2O3) is one of the 

popularly used ceramic materials whose introduction to the aluminium can increase the 

mechanical strength. The most important issue of composite fabrication is to maintain 

the uniformity of the reinforcement particles on the metallic matrix. The mechanical 

strength significantly influenced by the particles homogeneity. Among the various 

fabrication techniques, powder metallurgy is considered to be an effective process as 

reinforcements uniformity can be achieved by this. Therefore, in this study, hybrid 

composite composed of aluminium matrix and Al2O3, Gr reinforcements has been 

developed by powder metallurgy technique and the effect of Al2O3 and graphite content 

on the mechanical and tribological behaviour of the Al/Al2O3/Gr hybrid composite has 

been studied. In this study, the fabrication has been carried out in two phases. In the first 

phase, aluminium-graphite (Al-Gr) composites with different weight percentage values 

of graphite were fabricated and their mechanical and wear properties were evaluated, 

and the optimum value of graphite was determined. After that, hybrid MMCs was 

fabricated by adding Al2O3 and graphite reinforcement particles to the aluminium base 

material. At this stage, the percentage of the graphite particles kept constant (the value 

provided high wear resistance) but the percentage of Al2O3 reinforcement varied in 

order to get the high mechanical properties. The raw powders with the desired 

percentage were mixed, compacted and sintered to get the hybrid composites. The 

fabricated samples were then prepared for microstructural characterization, mechanical 

and tribological tests. The microstructure showed a proper bonding and uniform 

distribution of the reinforcement in the Al matrix. The results revealed that all the 

mechanical properties, including hardness, tensile strength and flexural strength 

increased significantly and the tribological properties tremendously improved in the 

hybrid composite as compared to the pure aluminium and Al-Gr composite. Moreover, 

the combined effect of 10% Al2O3 and 3% Gr displayed superior performance in both 

the mechanical and tribological properties. 

 



v 

TABLE OF CONTENT 

DECLARATION 

TITLE PAGE  

ACKNOWLEDGEMENTS ii 

ABSTRAK  iii 

ABSTRACT  iv 

TABLE OF CONTENT v 

LIST OF TABLES ix 

LIST OF FIGURES x 

LIST OF SYMBOLS xiii 

LIST OF ABBREVIATIONS xiv 

CHAPTER 1 INTRODUCTION 1 

 General Background 1 

 Problem Statements1 4 

 Objectives of Research 6 

 Scope of Study 6 

 Thesis Layout 7 

CHAPTER 2 LITERATURE REVIEW 8 

 Introduction 8 

 Basic Concept of Metal Matrix Composite 8 

2.2.1 Application of MMCs 9 

 Hybrid Metal Matrix Composite 10 



vi 

 Self-lubricating Metal Matrix Composite 11 

 Manufacturing process of MMCs 12 

2.5.1 Liquid-state fabrication 12 

2.5.2 Solid-state fabrication 13 

 Mechanical properties of Hybrid MMCs 17 

2.6.1 Density 17 

2.6.2 Hardness 18 

2.6.3 Tensile Strength 20 

2.6.4 Compressive Strength 21 

2.6.5 Flexural Strength 22 

2.6.6 Impact Strength 23 

 Tribological Properties of MMCs 23 

 Conclusions 28 

CHAPTER 3 METHODOLOGY 30 

 Introduction 30 

 Raw Materials 30 

 Material Fabrication 32 

3.3.1 First Phase (Aluminium-Graphite composite) 33 

3.3.2 Second Phase (Aluminium/Al2O3/graphite hybrid composite) 39 

 Microstructural characterisation 41 

 Hardness Test 41 

 Tensile Test 42 

 Flexural Test 43 

 Wear Test 45 

 Summary 47 



vii 

CHAPTER 4 RESULTS AND DISCUSSION 48 

 Introduction 48 

 Analysis of Raw powders, Microstructure and Mechanical Properties of 

Aluminium-Graphite (Al-Gr) composite 48 

4.2.1 Powder Analysis 49 

4.2.2 Microstructure of Aluminium-Graphite (Al-Gr) composite 52 

4.2.3 Vickers Micro-Hardness Measurement 54 

4.2.4 Tensile Properties of Al-Gr Composite 55 

4.2.5 Flexural Strength Measurement 57 

 Wear of Al-Gr Composites 58 

4.3.1 Effect of Applied Load 58 

4.3.2 Effect of Sliding Speed 59 

4.3.3 Coefficient of Friction 60 

4.3.4 SEM analysis of worn surface of Al-Gr composites 61 

 Discussion 62 

 Analysis of Hybrid Powder mixture, Microstructure and Mechanical Properties 

of Al/Al2O3/Gr Hybrid Metal Matrix Composite (MMC) 63 

4.5.1 Analysis of Hybrid Powder Mixture 63 

4.5.2 Microstructure of Al/Al2O3/Gr hybrid MMC 65 

4.5.3 Vickers micro-hardness measurement 67 

4.5.4 Tensile properties of Al/Al2O3/Gr hybrid MMC 68 

4.5.5 Flexural strength measurement of hybrid MMCs 70 

 Wear of Hybrid MMCs 71 

4.6.1 Effect of applied load 71 

4.6.2 Effect of sliding speed 72 

4.6.3 Coefficient of friction 74 



viii 

4.6.4 SEM analysis of worn surface of hybrid composites 75 

 Discussion 76 

 Summary 77 

CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 78 

 Introduction 78 

 Recommendations for Future Work 80 

 

REFERENCES 81 

APPENDIX A EDX OF HYBRID POWDER 90 

APPENDIX B EDX OF ALUMINIUM GRAPHITE POWDER 91 

APPENDIX C WEAR OF ALUMINIUM WITH 5% GRAPHITE 92 

APPENDIX D WEAR OF ALUMINIUM WITH 3% GRAPHITE 93 

APPENDIX E LIST OF PUBLICATION 94 

 



ix 

LIST OF TABLES 

Table 3.1 Physical and chemical properties of the base material and the 

reinforcement materials (Manufacturer specification) 32 

Table 3.2 Composition of Al-Gr composites with different wt% of matrix 

and reinforcement materials 33 

Table 3.3 Calculation of weight percentage of powder mixtures 33 

Table 3.4 Composition of Al/Al2O3/Gr hybrid composite with different wt% 

of matrix and reinforcement materials 39 

Table 3.5 Calculation of weight percentage of powder mixtures. 39 

 



x 

LIST OF FIGURES 

Figure 2.1 Flow chart of powder metallurgy process. 15 

Figure 2.2 Pressing, the conventional method of compacting metal powders in 

PM : (1) filling the die cavity with powder, (2) initial, (3) final 

positions of upper and lower punches during compaction, and (4) 

ejection of part. 16 

Figure 2.3 Change of density with different percentage of reinforcement. 18 

Figure 2.4 Hardness vs. reinforcement contents in Al/SiC/Gr hybrid 

composites. 19 

Figure 2.5 Effect of reinfocement on hardness. 20 

Figure 2.6 Variation of compressive strength with different compositions. 21 

Figure 2.7 Variation of compressive strength with percentage of 

reinforcement. 22 

Figure 2.8 The variation in the measured wear rate with the weight percent of 

graphite in the composites for both dry sliding and oil impregnated 

sliding. 25 

Figure 2.9 Wear rate of unreinforced alloy and composites at applied loads of 

(a) 29.43N (b) 39.24N (c) 49.05N as a function of sliding distance 

(d) at the end of maximum sliding distance (628 m) as a function 

of volume percentage of reinforcement. 26 

Figure 2.10  Variation of wear rate with normal load (N) at sliding speed of 100 

rpm for pure Al, Al-0.1wt.% GNP and Al-1wt.% GNP. 27 

Figure 3.1  Research methodology 31 

Figure 3.2  As-received (a) Al powder, (b) Al2O3 powder and (c) graphite 

powder 32 

Figure 3.3 Digital weighing balance 34 

Figure 3.4 Planetary ball mill machine 35 

Figure 3.5 Scanning Electron Microscope (JOEL Model 6390). 35 

Figure 3.6 Compaction process. 36 

Figure 3.7 Dies used to prepare samples. 37 

Figure 3.8 Tube furnace 38 

Figure 3.9 Sintering cycle illustrating the heating, holding and cooling time. 38 

Figure 3.10 Vickers hardness tester 42 

Figure 3.11 (a) Schematic diagram of the tensile test specimen (b) photograph 

of tensile test specimen. 43 

Figure 3.12  Experimental setup for tensile test. 43 

Figure 3.13   Schematic diagram of three-point bending test. 44 

Figure 3.14    Experimental setup for three-point bending test 44 



xi 

Figure 3.15  Pin-on-disc tribometer 46 

Figure 3.16 (a) Schematic diagram of the wear test samples (b) photograph of 

wear test sample 46 

Figure 3.17 Schematic diagram of pin-on-disc wear test. 47 

Figure 4.1 SEM images of (a) (b) Al powder, (c) (d) Gr powder and (e) (f) Al 

3%Gr mixture. 50 

Figure 4.2 XRD pattern of (a) Al powder (b) Gr powder (c) Al + 3%Gr 

powder mixture. 51 

Figure 4.3 EDX of Al + 3%Gr powder mixture. 52 

Figure 4.4 Optical micrograph of (a) Al+3%Gr (b) Al+5%Gr (c) Al+7%Gr. 53 

Figure 4.5 SEM micrograph of (a) Al+3%Gr (b) Al+5%Gr (c) Al+7%Gr. 53 

Figure 4.6 Vickers micro-hardness (HV) of Al-Gr composites with different 

wt% of Gr. 55 

Figure 4.7 Stress-strain diagram of pure Al and Al-Gr composites with 

different wt% of Gr. 56 

Figure 4.8 Percentage of elongation of Al and Al-Gr composites with 

different wt% of Gr. 57 

Figure 4.9 Flexural strength of pure Al and Al-Gr composite with different 

wt% of Gr. 58 

Figure 4.10 Variation of wear rate with varying applied load. 59 

Figure 4.11 Variation of wear rate with varying sliding speed. 60 

Figure 4.12 Co-efficient of friction of pure aluminium and Al-Gr composite 

with different wt% of Gr. 61 

Figure 4.13 SEM micrograph of worn surfaces of (a) (b) Al+3%Gr and (c) (d) 

Al+5%Gr. 62 

Figure 4.14 SEM images of hybrid powder mixture Al+15%Al2O3+3% Gr. 64 

Figure 4.15 EDX analysis of Al +15%Al2O3+ 3%Gr hybrid powder mixture. 64 

Figure 4.16  Optical Micrograph of hybrid MMC (a) Al+3%Gr+10%Al2O3, (b) 

Al+3%Gr+15% Al2O3 and (c) Al+3%Gr+20% Al2O3. 66 

Figure 4.17 SEM Micrograph of hybrid MMC (a) Al+3%Gr+10%Al2O3, (b) 

Al+3%Gr+15% Al2O3 and (c) Al+3%Gr+20% Al2O3. 67 

Figure 4.18 Vicker’s micro-hardness (HV) of hybrid MMCs with different wt% 

of Al2O3. 68 

Figure 4.19 Stress-strain diagram of Al+3%Gr composite and Al/Al2O3/Gr 

hybrid MMCs with different wt% of Al2O3. 69 

Figure 4.20 Percentage of elongation of Al-3%Gr composites and Al/Al2O3/Gr 

hybrid MMCs with different wt% of Al2O3. 70 

Figure 4.21 Flexural strength of Al-3%Gr composite and Al/Al2O3/Gr hybrid 

MMCs with different wt% of Al2O3. 71 

Figure 4.22 Variation of wear rate with varying applied load. 72 



xii 

Figure 4.23 Variation of wear rate with varying sliding speed. 73 

Figure 4.24 Co-efficient of friction of Al-3%Gr composite and Al/Al2O3/Gr 

hybrid MMCs with different wt% of Al2O3. 74 

Figure 4.25 SEM micrograph of worn surface of (a) (b) Al+3%Gr+10%Al2O3,  

(c) (d) Al+3%Gr+15%Al2O3 and (e) (f) Al+3%Gr+20%Al2O3. 76 

 



xiii 

LIST OF SYMBOLS 

b 

h 

k 

L 

P 

s 

V 

σB 

 

 

 

 

 

Width  

Height 

Dimensionless wear coefficient 

Length 

Pressure 

Sliding distance 

Volume 

Bending stress  

 

 

  

  

  

  

  

  

 

 



xiv 

LIST OF ABBREVIATIONS 

AA Aluminium alloy 

Ag Silver 

Al 

Al2O3 

Aluminium 

Aluminium oxide/ Alumina 

AMC 

ASTM 

B4C 

CNT 

Cu 

Fe 

GNP 

Gr 

Mg  

MMC  

MoS2 

MPa  

Ni 

PVA 

rpm 

SEM 

SiC 

SiO2 

TiB2 

TiC 

TiO2 

UTM 

WC 

Wt% 

XRD 

 

Aluminium matrix composite 

American Society for Testing and Materials 

Boron carbide 

Carbon nanotube 

Copper 

Iron 

Graphene nano-platelets 

Graphite 

Magnesium 

Metal matrix composite 

Molybdenum disulphide 

Megapascal 

Nickel 

Polyvinyl alcohol 

revolution per minute 

Scanning electron microscope 

Silicon carbide 

Silicon dioxide 

Titanium diboride 

Titanium carbide 

Titanium dioxide 

Universal Testing Machine 

Tungsten carbide 

Weight percentage 

X-ray diffraction 

 

 



81 

REFERENCES 

Aatthisugan, I., Rose, A. R., & Jebadurai, D. S. (2017). Mechanical and wear behaviour 

of AZ91D magnesium matrix hybrid composite reinforced with boron carbide 

and graphite. Journal of magnesium and alloys, 5(1), 20-25. 

 

Adeqoyin, I., Mohamed, F., & Lavernia, E. (1991). Particulate Reinforced MMCs-A 

Review. J. Mat Sci, 26, 1137-1156. 

 

Akhlaghi, F., & Pelaseyyed, S. (2004). Characterization of aluminum/graphite 

particulate composites synthesized using a novel method termed “in-situ powder 

metallurgy”. Materials Science and Engineering: A, 385(1-2), 258-266. 

 

Akhlaghi, F., & Zare-Bidaki, A. (2009). Influence of graphite content on the dry sliding 

and oil impregnated sliding wear behavior of Al 2024–graphite composites 

produced by in situ powder metallurgy method. Wear, 266(1-2), 37-45. 

 

Al-Rubaie, K. S., Yoshimura, H. N., & de Mello, J. D. B. (1999). Two-body abrasive 

wear of Al–SiC composites. Wear, 233, 444-454. 

 

Ames, W., & Alpas, A. (1995). Wear mechanisms in hybrid composites of graphite-20 

Pct SiC in A356 aluminum alloy (Al-7 Pct Si-0.3 Pct Mg). Metallurgical and 

Materials Transactions A, 26(1), 85-98. 

 

Amsler, M., Flores-Livas, J. A., Lehtovaara, L., Balima, F., Ghasemi, S. A., Machon, 

D., Botti, S. (2012). Crystal structure of cold compressed graphite. Physical 

review letters, 108(6), 065501. 

 

Angelo, P., & Subramanian, R. (2008). Powder Metallurgy: Science, Technology and 

Applications; PHI Learning Pvt. Ltd.: New Delhi, India. 

 

Anish, R., Sivapragash, M., & Robertsingh, G. (2014). Compressive behaviour of 

SiC/ncsc reinforced Mg composite processed through powder metallurgy route. 

Materials & Design, 63, 384-388. 

 

Anitha, P., & Balraj, U. S. (2017). Dry sliding wear performance of 

Al/7075/Al2O3p/Grp hybrid metal matrix composites. Materials Today: 

Proceedings, 4(2), 3033-3042. 

 

Aravindan, S., Rao, P., & Ponappa, K. (2015). Evaluation of physical and mechanical 

properties of AZ91D/SiC composites by two step stir casting process. Journal of 

Magnesium and alloys, 3(1), 52-62. 

 

Arifin, A., Sulong, A. B., Muhamad, N., Syarif, J., & Ramli, M. I. (2014). Material 

processing of hydroxyapatite and titanium alloy (HA/Ti) composite as implant 

materials using powder metallurgy: a review. Materials & Design, 55, 165-175. 



82 

Bains, P. S., Sidhu, S. S., & Payal, H. (2016). Fabrication and machining of metal 

matrix composites: a review. Materials and Manufacturing Processes, 31(5), 

553-573. 

 

Bansal, S., & Saini, J. (2015). Mechanical and wear properties of SiC/Graphite 

reinforced Al359 alloy-based metal matrix composite. Defence Science Journal, 

65(4), 330-338. 

 

Baradeswaran, A., & Perumal, A. E. (2014a). Study on mechanical and wear properties 

of Al 7075/Al2O3/graphite hybrid composites. Composites Part B: Engineering, 

56, 464-471. 

 

Baradeswaran, A., & Perumal, A. E. (2014b). Wear and mechanical characteristics of 

Al 7075/graphite composites. Composites Part B: Engineering, 56, 472-476. 

 

Basavarajappa, S., Chandramohan, G., Mahadevan, A., Thangavelu, M., Subramanian, 

R., & Gopalakrishnan, P. (2007). Influence of sliding speed on the dry sliding 

wear behaviour and the subsurface deformation on hybrid metal matrix 

composite. Wear, 262(7-8), 1007-1012. 

 

Basavarajappa, S., Chandramohan, G., Mukund, K., Ashwin, M., & Prabu, M. (2006). 

Dry sliding wear behavior of Al 2219/SiCp-Gr hybrid metal matrix composites. 

Journal of Materials Engineering and Performance, 15(6), 668. 

 

Bhandare, R. G., & Sonawane, P. M. (2013). Preparation of aluminium matrix 

composite by using stir casting method. International Journal of Engineering 

and Advanced Technology (IJEAT), 3(3), 61-65. 

 

Bodukuri, A. K., Eswaraiah, K., Rajendar, K., & Sampath, V. (2016). Fabrication of 

Al–SiC–B4C metal matrix composite by powder metallurgy technique and 

evaluating mechanical properties. Perspectives in Science, 8, 428-431. 

 

Casati, R., & Vedani, M. (2014). Metal matrix composites reinforced by nano-

particles—a review. Metals, 4(1), 65-83. 

 

Ceschini, L., Dahle, A., Gupta, M., Jarfors, A. E. W., Jayalakshmi, S., Morri, A., . . . 

Toschi, S. (2017). Aluminum and magnesium metal matrix nanocomposites: 

Springer. 

 

Chawla, N., & Shen, Y. L. (2001). Mechanical behavior of particle reinforced metal 

matrix composites. Advanced engineering materials, 3(6), 357-370. 

 

Chen, L., & Yao, Y. (2014). Processing, microstructures, and mechanical properties of 

magnesium matrix composites: a review. Acta Metallurgica Sinica (English 

Letters), 27(5), 762-774. 

 



83 

Deuis, R., Subramanian, C., & Yellup, J. (1997). Dry sliding wear of aluminium 

composites—a review. Composites science and technology, 57(4), 415-435. 

 

Elango, G., & Raghunath, B. (2013). Tribological behavior of hybrid (LM25Al+ SiC+ 

TiO2) metal matrix composites. Procedia engineering, 64, 671-680. 

 

Eslami, P., & Taheri, A. K. (2011). An investigation on diffusion bonding of aluminum 

to copper using equal channel angular extrusion process. Materials letters, 

65(12), 1862-1864. 

 

Fu, H.-H., Han, K.-S., & Song, J.-I. (2004). Wear properties of saffil/Al, saffil/Al2O3/Al 

and saffil/SiC/Al hybrid metal matrix composites. Wear, 256(7-8), 705-713. 

 

García-Rodríguez, S., Torres, B., Maroto, A., López, A., Otero, E., & Rams, J. (2017). 

Dry sliding wear behavior of globular AZ91 magnesium alloy and AZ91/SiCp 

composites. Wear, 390, 1-10. 

 

Ge, D., & Gu, M. (2001). Mechanical properties of hybrid reinforced aluminum based 

composites. Materials Letters, 49(6), 334-339. 

 

Ghasali, E., Alizadeh, M., Niazmand, M., & Ebadzadeh, T. (2017). Fabrication of 

magnesium-boron carbide metal matrix composite by powder metallurgy route: 

comparison between microwave and spark plasma sintering. Journal of Alloys 

and Compounds, 697, 200-207. 

 

Ghosh, S., Sahoo, P., & Sutradhar, G. (2015). Study of tribological characteristics of 

Al-SiC metal matrix composite. International Journal of Advanced Materials 

Research, 1(2), 53-58. 

 

Goh, C., Wei, J., Lee, L., & Gupta, M. (2007). Properties and deformation behaviour of 

Mg–Y2O3 nanocomposites. Acta Materialia, 55(15), 5115-5121. 

 

GU, W.-l. (2006). Bulk Al/SiC nanocomposite prepared by ball milling and hot pressing 

method. Transactions of Nonferrous Metals Society of China, 16, s398-s401. 

 

Guillon, O., Gonzalez‐Julian, J., Dargatz, B., Kessel, T., Schierning, G., Räthel, J., & 

Herrmann, M. (2014). Field‐assisted sintering technology/spark plasma 

sintering: mechanisms, materials, and technology developments. Advanced 

Engineering Materials, 16(7), 830-849. 

 

Guo, M. T., & Tsao, C.-Y. (2002). Tribological behavior of aluminum/SiC/nickel-

coated graphite hybrid composites. Materials Science and Engineering: A, 

333(1-2), 134-145. 

 

Gupta, M., & Wong, W. (2015). Magnesium-based nanocomposites: Lightweight 

materials of the future. Materials Characterization, 105, 30-46. 



84 

Habibnejad-Korayem, M., Mahmudi, R., Ghasemi, H., & Poole, W. (2010). 

Tribological behavior of pure Mg and AZ31 magnesium alloy strengthened by 

Al2O3 nano-particles. Wear, 268(3-4), 405-412. 

 

Harrigan Jr, W. C. (1998). Commercial processing of metal matrix composites. 

Materials Science and Engineering: A, 244(1), 75-79. 

 

Hu, C.-j., Yan, H.-g., Chen, J.-h., & Bin, S. (2016). Microstructures and mechanical 

properties of 2024Al/Gr/SiC hybrid composites fabricated by vacuum hot 

pressing. Transactions of Nonferrous Metals Society of China, 26(5), 1259-

1268. 

 

Iqbal, A. A., Arai, Y., & Araki, W. (2013). Effect of reinforcement clustering on crack 

initiation mechanism in a cast hybrid metal matrix composite during low cycle 

fatigue. Open journal of composite materials, 3(04), 97. 

 

Iqbal, A. A., Chen, S., Arai, Y., & Araki, W. (2015). Study on stress evolution in SiC 

particles during crack propagation in cast hybrid metal matrix composites using 

Raman spectroscopy. Engineering Failure Analysis, 52, 109-115. 

 

Kant, S., & Verma, A. S. (2017). Stir casting process in particulate aluminium metal 

matrix composite: a review. International Journal of Mechanics and Solids, 

9(1), 61-69. 

 

Kanthavel, K., Sumesh, K., & Saravanakumar, P. (2016). Study of tribological 

properties on Al/Al2O3/MoS2 hybrid composite processed by powder 

metallurgy. Alexandria Engineering Journal, 55(1), 13-17. 

 

Kestursatya, M., Kim, J., & Rohatgi, P. (2003). Wear performance of copper–graphite 

composite and a leaded copper alloy. Materials Science and Engineering: A, 

339(1-2), 150-158. 

 

Koizumi, M., & Nishihara, M. (1991). Isostatic pressing: technology and applications: 

Springer Science & Business Media. 

 

Kok, M. (2005). Production and mechanical properties of Al2O3 particle-reinforced 

2024 aluminium alloy composites. Journal of Materials Processing Technology, 

161(3), 381-387. 

 

Kondoh, K., Fukuda, H., Umeda, J., Imai, H., Fugetsu, B., & Endo, M. (2010). 

Microstructural and mechanical analysis of carbon nanotube reinforced 

magnesium alloy powder composites. Materials Science and Engineering: A, 

527(16-17), 4103-4108. 

 

Krishna, M. V., & Xavior, A. M. (2014). An investigation on the mechanical properties 

of hybrid metal matrix composites. Procedia Engineering, 97, 918-924. 



85 

Kumar, G. V., Rao, C., & Selvaraj, N. (2011). Mechanical and tribological behavior of 

particulate reinforced aluminum metal matrix composites–a review. Journal of 

minerals and materials characterization and engineering, 10(01), 59. 

 

Kumar, R., & Dhiman, S. (2013). A study of sliding wear behaviors of Al-7075 alloy 

and Al-7075 hybrid composite by response surface methodology analysis. 

Materials & Design, 50, 351-359. 

Kumar, S., Stecher, G., Li, M., Knyaz, C., & Tamura, K. (2018). MEGA X: molecular 

evolutionary genetics analysis across computing platforms. Molecular biology 

and evolution, 35(6), 1547-1549. 

 

Labib, F., Ghasemi, H., & Mahmudi, R. (2016). Dry tribological behavior of Mg/SiCp 

composites at room and elevated temperatures. Wear, 348, 69-79. 

 

Lavernia, E. J., & Srivatsan, T. S. (2010). The rapid solidification processing of 

materials: science, principles, technology, advances, and applications. Journal of 

Materials Science, 45(2), 287-325. 

 

Leong Eugene, W. W., & Gupta, M. (2010). Characteristics of aluminum and 

magnesium based nanocomposites processed using hybrid microwave sintering. 

Journal of microwave power and Electromagnetic Energy, 44(1), 14-27. 

 

Lim, C., Leo, D., Ang, J., & Gupta, M. (2005). Wear of magnesium composites 

reinforced with nano-sized alumina particulates. Wear, 259(1-6), 620-625. 

 

Liu, J., Zhao, K., Zhang, M., Wang, Y., & An, L. (2015). High performance 

heterogeneous magnesium-based nanocomposite. Materials Letters, 143, 287-

289. 

 

Mahdavi, S., & Akhlaghi, F. (2011). Effect of the graphite content on the tribological 

behavior of Al/Gr and Al/30SiC/Gr composites processed by in situ powder 

metallurgy (IPM) method. Tribology Letters, 44(1), 1-12. 

 

Mahendran, G., Balasubramanian, V., & Senthilvelan, T. (2010). Influences of diffusion 

bonding process parameters on bond characteristics of Mg-Cu dissimilar joints. 

Transactions of Nonferrous Metals Society of China, 20(6), 997-1005. 

 

Menezes, P. L., Rohatgi, P. K., & Lovell, M. R. (2012). Self-lubricating behavior of 

graphite reinforced metal matrix composites Green Tribology (pp. 445-480): 

Springer. 

 

Mindivan, H., Kayali, E. S., & Cimenoglu, H. (2008). Tribological behavior of squeeze 

cast aluminum matrix composites. Wear, 265(5-6), 645-654. 

 

Miracle, D. (2005). Metal matrix composites–from science to technological 

significance. Composites science and technology, 65(15-16), 2526-2540. 



86 

Mirza, F., Chen, D., Li, D., & Zeng, X. (2013). Effect of rare earth elements on 

deformation behavior of an extruded Mg–10Gd–3Y–0.5 Zr alloy during 

compression. Materials & Design, 46, 411-418. 

 

Moghadam, A. D., Omrani, E., Menezes, P. L., & Rohatgi, P. K. (2015). Mechanical 

and tribological properties of self-lubricating metal matrix nanocomposites 

reinforced by carbon nanotubes (CNTs) and graphene–a review. Composites 

Part B: Engineering, 77, 402-420. 

Moghadam, A. D., Schultz, B. F., Ferguson, J., Omrani, E., Rohatgi, P. K., & Gupta, N. 

(2014). Functional metal matrix composites: self-lubricating, self-healing, and 

nanocomposites-an outlook. Jom, 66(6), 872-881. 

 

Monikandan, V., Joseph, M., & Rajendrakumar, P. (2016). Dry sliding wear studies of 

aluminum matrix hybrid composites. Resource-Efficient Technologies, 2, S12-

S24. 

 

Nassar, A. E., & Nassar, E. E. (2017). Properties of aluminum matrix Nano composites 

prepared by powder metallurgy processing. Journal of king saud university-

Engineering sciences, 29(3), 295-299. 

 

Nguyen, Q. B., & Gupta, M. (2010). Enhancing mechanical response of AZ31B using 

Cu+ nano-Al2O3 addition. Materials Science and Engineering: A, 527(6), 1411-

1416. 

 

O'donnell, G., & Looney, L. (2001). Production of aluminium matrix composite 

components using conventional PM technology. Materials Science and 

Engineering: A, 303(1-2), 292-301. 

 

Oghbaei, M., & Mirzaee, O. (2010). Microwave versus conventional sintering: a review 

of fundamentals, advantages and applications. Journal of alloys and compounds, 

494(1-2), 175-189. 

 

Omrani, E., Moghadam, A. D., Menezes, P. L., & Rohatgi, P. K. (2016). Influences of 

graphite reinforcement on the tribological properties of self-lubricating 

aluminum matrix composites for green tribology, sustainability, and energy 

efficiency—a review. The International Journal of Advanced Manufacturing 

Technology, 83(1-4), 325-346. 

 

Onat, A. (2010). Mechanical and dry sliding wear properties of silicon carbide 

particulate reinforced aluminium–copper alloy matrix composites produced by 

direct squeeze casting method. Journal of Alloys and compounds, 489(1), 119-

124. 

 

Parucker, M. L., Klein, A. N., Binder, C., Ristow Junior, W., & Binder, R. (2014). 

Development of self-lubricating composite materials of nickel with 

molybdenum disulfide, graphite and hexagonal boron nitride processed by 

powder metallurgy: preliminary study. Materials Research, 17, 180-185. 



87 

Pasha, M. B., & Kaleemulla, M. (2018). Processing and Characterization of Aluminum 

Metal Matrix Composites: An Overview. Reviews on Advanced Materials 

Science, 56(1), 79-90. 

 

Prabhu, T. R. (2016). Effect of Compaction Load and Sintering Temperature on 

Tribological and Mechanical Behavior of Ni/SiC/MoS 2 Composites. Journal of 

Materials Engineering and Performance, 25(4), 1436-1445. 

 

Prakash, K. S., Balasundar, P., Nagaraja, S., Gopal, P., & Kavimani, V. (2016). 

Mechanical and wear behaviour of Mg–SiC–Gr hybrid composites. Journal of 

magnesium and alloys, 4(3), 197-206. 

 

Purohit, R., Dewang, Y., Rana, R., Koli, D., & Dwivedi, S. (2018). Fabrication of 

magnesium matrix composites using powder metallurgy process and testing of 

properties. Materials Today: Proceedings, 5(2), 6009-6017. 

 

Radha, A., & Vijayakumar, K. (2016). An investigation of mechanical and wear 

properties of AA6061 reinforced with silicon carbide and graphene nano 

particles-particulate composites. Materials Today: Proceedings, 3(6), 2247-

2253. 

 

Rahimian, M., Parvin, N., & Ehsani, N. (2010). Investigation of particle size and 

amount of alumina on microstructure and mechanical properties of Al matrix 

composite made by powder metallurgy. Materials Science and Engineering: A, 

527(4-5), 1031-1038. 

 

Rajkumar, K., & Aravindan, S. (2013). Tribological behavior of microwave processed 

copper–nanographite composites. Tribology International, 57, 282-296. 

 

Rajmohan, T., Palanikumar, K., & Ranganathan, S. (2013). Evaluation of mechanical 

and wear properties of hybrid aluminium matrix composites. Transactions of 

nonferrous metals society of China, 23(9), 2509-2517. 

 

Ramesh, C., Ahmed, R. N., Mujeebu, M., & Abdullah, M. (2009). Development and 

performance analysis of novel cast copper–SiC–Gr hybrid composites. Materials 

& Design, 30(6), 1957-1965. 

 

Ramesh, C., Pramod, S., & Keshavamurthy, R. (2011). A study on microstructure and 

mechanical properties of Al 6061–TiB2 in-situ composites. Materials Science 

and Engineering: A, 528(12), 4125-4132. 

 

Ramnath, B. V., Elanchezhian, C., Jaivignesh, M., Rajesh, S., Parswajinan, C., & Ghias, 

A. S. A. (2014). Evaluation of mechanical properties of aluminium alloy–

alumina–boron carbide metal matrix composites. Materials & Design, 58, 332-

338. 

 



88 

Reihani, S. S. (2006). Processing of squeeze cast Al6061–30vol% SiC composites and 

their characterization. Materials & design, 27(3), 216-222. 

 

Rosso, M. (2006). Ceramic and metal matrix composites: Routes and properties. 

Journal of materials processing technology, 175(1-3), 364-375. 

 

Ruiz-Navas, E., Fogagnolo, J., Velasco, F., Ruiz-Prieto, J., & Froyen, L. (2006). One 

step production of aluminium matrix composite powders by mechanical 

alloying. Composites Part A: Applied Science and Manufacturing, 37(11), 2114-

2120. 

 

Saheb, D. A. (2011). Aluminum silicon carbide and aluminum graphite particulate 

composites. ARPN Journal of Engineering and Applied Sciences, 6(10), 41-46. 

 

Saravanakumar, A., Sasikumar, P., & Sivasankaran, S. (2014). Synthesis and 

mechanical behavior of AA 6063-x wt.% Al2O3-1% Gr (x= 3, 6, 9 and 12 wt.%) 

hybrid composites. Procedia Engineering, 97, 951-960. 

 

Selvam, B., Marimuthu, P., Narayanasamy, R., Anandakrishnan, V., Tun, K., Gupta, 

M., & Kamaraj, M. (2014). Dry sliding wear behaviour of zinc oxide reinforced 

magnesium matrix nano-composites. Materials & Design, 58, 475-481. 

 

Seshan, S., Guruprasad, A., Prabha, M., & Sudhakar, A. (2013). Fibre-reinforced metal 

matrix composites--a review. Journal of the Indian Institute of Science, 76(1), 1. 

 

Shams, S. S., & El-Hajjar, R. F. (2013). Effects of scratch damage on progressive 

failure of laminated carbon fiber/epoxy composites. International journal of 

mechanical sciences, 67, 70-77. 

 

Shanthi, M., Nguyen, Q., & Gupta, M. (2010). Sliding wear behaviour of calcium 

containing AZ31B/Al2O3 nanocomposites. Wear, 269(5-6), 473-479. 

 

Souissi, N., Souissi, S., Niniven, C., Amar, M., Bradai, C., & Elhalouani, F. (2014). 

Optimization of squeeze casting parameters for 2017 a wrought al alloy using 

Taguchi method. Metals, 4(2), 141-154. 

 

Sozhamannan, G., & Venkatagalapathy, S. B. P. V. (2012). Effect of process parameter 

of stir casting on metal matrix composites. J Surf Eng Mater Adv Technol, 2, 11-

15. 

 

Su, Y., Zhang, Y., Song, J., & Hu, L. (2017). Tribological behavior and lubrication 

mechanism of self-lubricating ceramic/metal composites: The effect of matrix 

type on the friction and wear properties. Wear, 372, 130-138. 

 



89 

Suresh, S., Moorthi, N. S. V., Vettivel, S., Selvakumar, N., & Jinu, G. (2014). Effect of 

graphite addition on mechanical behavior of Al6061/TiB2 hybrid composite 

using acoustic emission. Materials Science and Engineering: A, 612, 16-27. 

 

Suresha, S., & Sridhara, B. (2010). Wear characteristics of hybrid aluminium matrix 

composites reinforced with graphite and silicon carbide particulates. Composites 

Science and Technology, 70(11), 1652-1659. 

 

Suresha, S., & Sridhara, B. (2012). Friction characteristics of aluminium silicon carbide 

graphite hybrid composites. Materials & Design, 34, 576-583. 

 

Suryanarayana, C. (2005). Recent developments in nanostructured materials. Advanced 

Engineering Materials, 7(11), 983-992. 

 

Suryanarayana, C., & Al-Aqeeli, N. (2013). Mechanically alloyed nanocomposites. 

Progress in Materials Science, 58(4), 383-502. 

Tabandeh-Khorshid, M., Omrani, E., Menezes, P. L., & Rohatgi, P. K. (2016). 

Tribological performance of self-lubricating aluminum matrix nanocomposites: 

role of graphene nanoplatelets. Engineering science and technology, an 

international journal, 19(1), 463-469. 

 

Torralba, J. d., Da Costa, C., & Velasco, F. (2003). P/M aluminum matrix composites: 

an overview. Journal of Materials Processing Technology, 133(1-2), 203-206. 

 

Ünlü, B. S. (2008). Investigation of tribological and mechanical properties Al2O3–SiC 

reinforced Al composites manufactured by casting or P/M method. Materials & 

design, 29(10), 2002-2008. 

 

Upadhyaya, G. (2011). Future directions in sintering research. Science of Sintering, 

43(1), 3-8. 

 

Yang, J., Lin, C., Wang, T., & Chu, H. (2004). The tribological characteristics of A356. 

2Al alloy/Gr (p) composites. Wear, 257(9-10), 941-952. 

 

Yule, A. J., & Dunkley, J. J. (1994). Atomization of melts for powder production and 

spray deposition: Oxford University Press, USA. 

 

Zeuner, T., Stojanov, P., Sahm, P., Ruppert, H., & Engels, A. (1998). Developing trends 

in disc bralke technology for rail application. Materials science and technology, 

14(9-10), 857-863. 

 

 

  


